A., JR (16, 20) . Every hour, biliary 67Cu, blood 67Cu, and plasma 67Cu were assayed. Radioceruloplasmin was measured as the plasmatic 67Cu not bound to added diethyldithiocarbamate (DTC) (14), the DTC having been removed by adsorption onto activated carbon powder (Norit); this ignores the trace Cu-containing oxidases also present in plasma. Originally the carbon powder was removed by filtration through cotton. Subsequently it was found to be easier and more accurate to remove it by suction through a 0.20-p filter, onto the center of which a minute drop of octyl alcohol had been touched with a stirring rod. (This effectively minimized foaming during filtration.)
Stable copper and iron were measured by atomic absorption spectrometry (Perkin-Elmer 303). Plasma was diluted at least twofold with water. Organs were digested with hydrochloric and perchloric acids. Organ concentrations of iron and copper were corrected for these metals present in the blood within the organs, as previously described (15). Bone marrow copper and iron were calculated by analyzing for these elements in paired femurs with epiphyses removed; the marrow was forcibly removed from one femur with jets of Cu-and Fe-free water. After the latter femur was split, it was blotted gently.
Ceruloplasmin in plasma was measured by the rate of oxidation of p-phenylenediamine at room temperature. Its activity is expressed in arbitrary units (1,000 X absorbance change ml-l min-l (18)).
Hematofioiesis. 5gFe as ferric chloride or ferrous citrate was injected intravenously over a 15-min period into normal and deficient rats. Small samples of blood were collected frequently over a 3-to 4-day period, and 5gFe in the salinewashed erythrocytes was measured.
Normal rats converted about 60% of the 5 gFe into erythrocytic hemoglobin within 3 days. The half-time of attainment of maximal blood 5gFe levels was determined graphically.
RESULTS
Hema tologic changes. The progressive hematologic changes in the various groups of rats are listed in Table 1 muscle. On the other hand, there was a marked depletion in the marrow and large bowel and more modest decreases in erythrocytes and plasma. In all other organs, iron content remained normal. The concentrations of copper were as low as in the Cu, Fe-deficient rats. The concentrations of copper and iron in the liver, kidney, spleen, and heart are close to those reported by Marston's group (5), despite the differences in type of rat, diet, and duration of dietary regimen.
Whole-body retention of 67Cu. When cupric-67Cu chloride was given intravenously, two Fe-deficient rats retained the isotope normally and two Cu-deficient ones lost the radioisotope at a decreased rate, as in Cu? Fe-deficient rats (Fig. 1) .
Biliary excretion of 67C~ by whole rat. A prominent distinction between the normal rat and one severely Cu,Fe deficient is the very limited biliary excretion of copper and 67Cu by the latter (17). As shown in Table 3 , in 5 hr normal rats excreted 6.5 % of the intravenously administered dose
Of 67cU (SD =t 3.7 %) and Cu, Fe-deficient rats excreted less than 0.2 % of the dose. The Cu-deficient rat resembled the doubly deficient rats; the Fe-deficient rats excreted radiocopper normally.
Isolated liver perfusions. Cu, Fe-deficient livers had twice the normal hepatic uptake of 67Cu, slightlv increased secretion / of radioceruloplasmin into the plasma, and almost no biliary excretion of the isotope ( mechanism is still imperfectly understood, it appears that iron is absorbed and stored adequately, whether copper is normal or deficient in the diet, but only if there is sufficient copper can the stored iron be released to enter into hematopoiesis. If copper is deficient, the animal stores iron excessively (5) but releases it when copper is replenished. The releasing agent is the copper carrier, ceruloplasmin, because this protein, but not copper salts, induces release of iron from iron-laden livers in perfused liver systems (9, 10). How ceruloplasmin releases stored iron is uncertain, although ceruloplasmin's ability to oxidize ferrous iron ("ferroxidase") has been proposed (6-8, 11). The iron levels tended to be normal in Cu-deficient rats, except in the liver, muscle, and testis, where they were increased, and in the blood and marrow, where they were decreased. The decrease in iron in the marrow is compatible with ineffective release of iron stored elsewhere, in turn leading to anemia. The normal content of iron in the muscle and testis is not explained.
Since copper is known to be required for normal utilization of iron, which is fully confirmed by the present study, one might suspect that the reverse could also be true, that is, the storage of copper might be increased and synthesis of ceruloplasmin diminished in iron deficiency.
There was a tendency toward increased uptake of 67Cu and decreased release of cerulopl asmin-67Cu in 5-hr perfusions of isolated livers from rats that had been on the Fe-deficient diet less had no clear effect on copper metabolism, and rats on a diet deficient in copper and iron were virtually indistinguishable from comparable rats with dietary iron supplements.
Plasma ceruloplasmin decreased 80 % within 3 weeks in both Cu-deficient and Cu, Fe-deficient rats. Both types of rats retained 67Cu considerably longer than normal, and they excreted very little 67Cu in their bile.
The Cu, Fe-deficient rats incorporated both ferric and ferrous 5gFe into circulating erythrocytes at least as efficiently as normal, despite plasma ceruloplasmin levels of less than 10 % of normal.
Either this is sufficient ceruloplasmin or further showed that anemia developed most rapidly when both metals were deficient in the diet [hemoglobin fell by half in 2.5 months, approximately the life-span of the rat erythrocyte (19)], as opposed to iron deficiency alone (5 months) or copper deficiency alone (10 months).
A detailed account of tissue copper and iron in the three deficiency states has not been presented before. In essence, all organs in the doubly deficient rats contained less copper per gram than normal, the decreases ranging from 91 % in plasma to only 9 % in bone (15). Most of these organs had less iron than normal; exceptions were skeletal muscle, testis, and brain. Pulmonary iron decreased 24 %, iron in the kidney, heart, erythrocyte, and bone decreased about 40 70, and iron in skin, small bowel, liver, spleen, marrow, and plasma decreased 60-80 %. The greatest decrease was in the large bowel (9 1 %). There were major discrepancies between the changes in concentrations of the two metals in the brain (copper down 23 %, iron up 24 %), skeletal muscle hepatic iron, which conforms to the concept of the need for ceruloplasmin to release iron stores. 
